A detailed experimental investigation of local and global deformations of tensile-loaded, cracked, rectangular, concrete prisms reinforced with externally bonded carbon fiber reinforced polymer (CFRP) sheets was carried out. High and low modulus sheets were applied using three different thicknesses of epoxy interlayer between the sheet and concrete. It was found that the stiffness of the CFRP sheet had a dominant effect on global tension stiffening, whereas interlayer thickness had a dominant effect on local load transfer and damage formation. Thicker interlayers transferred load into through-cracked concrete over longer transfer zones, thereby increasing the spacing of subsequent cracks in the concrete. The combined effect on global stiffness of changes in transfer zones and crack spacing due to interlayer thickness was negligible. Increasing the stiffness of the CFRP sheet resulted in considerably increased global tension stiffening. Full field strain measurements by moiré interferometry revealed detailed information about local load transfer in the CFRP sheet, epoxy interlayer, and concrete in the vicinity of cracks.
INTRODUCTION
Externally bonded, fiber reinforced polymer (FRP) sheets and plates are currently being studied and applied around the world for the repair and strengthening of structural concrete members (Meier 1997) . Wet-laid carbon FRP (CFRP) sheets and precured plates, in particular, have been the object of much interest in the civil engineering arena for applications on beams, slabs, and columns due to their excellent stiffness, strength, and durability. Repair and strengthening with CFRP sheets or plates provides an attractive alternative to the use of steel plates, which is more labor-and equipment-intensive. The work presented in this paper is applicable to the external tensile reinforcement of beams and slabs with wet-laid CFRP sheets.
Although individual examples of various failure modes in externally reinforced beams can be found in the literature (e.g., tensile failure of external reinforcement; peeling or debonding between external reinforcement and concrete, and compression or shear of concrete), of particular relevance to the present research are investigations focusing on the bond between external FRP reinforcement and concrete. The effectiveness of external reinforcement for concrete beams partly depends on the efficiency of load transfer between the reinforcement and concrete. This is as true for steel reinforcement as it is for FRP reinforcement (Van Gemert 1980; Swamy et al. 1986; Arduini and Nanni 1997) . Several mechanisms of bond failure in concrete beams with external FRP reinforcement have been identified. One of these is a peeling mechanism best described as either (1) separation between the FRP and the concrete; or (2) separation in the concrete at the level of the internal longitudinal reinforcement. The peeling mechanism, most often activated at the ends of the FRP where transfer stresses are con-centrated, is further described and modeled by Arduini and Nanni (1997) and Malek et al. (1998) . A second mechanism of bond failure is similar to the first, but it is initiated at the intersection of flexural or shear cracks with the external reinforcement, as detailed by Garden and Hollaway (1998) . Various combinations and variants of these mechanisms and their subsets have been reported as well.
Current evidence suggests that load transfer between external sheet or plate reinforcement and concrete takes place over an effective transfer zone. The length of the transfer zone may well depend on the stiffness of the external reinforcement (thickness ϫ modulus of elasticity), as shown by Takahashi et al. (1997) . For increasing CFRP sheet stiffness, transfer zone lengths reported by Takahashi et al. decreased from 90 to 20 mm at the onset of catastrophic debonding. Using precured CFRP plates tested in a type of double-lap-shear test, Brosens and Van Gemert (1997) measured initial transfer zones of 100 mm and observed a mode of failure involving progressive debonding between the concrete and FRP. In a similar type of double-lap-shear test with a CFRP sheet, Izumo et al. (1997) varied the strength of the concrete and made the following observations: (1) The transfer zone at the onset debonding was approximately 100 mm long; (2) failure was by progressive debonding; and (3) the average bond strength over the 100-mm-long transfer zone was proportional to the compressive strength of concrete raised to the 2/3 power. Horiguchi and Saeki (1997) found that, for double-lap-shear tests with CFRP sheets having bond lengths of up to 200 mm, only 60 mm of the bond length actively resisted the load. They also pointed out important differences in the average bond strength as functions of type of bond test and concrete strength (in the 10-50 MPa range). In terms of average bond strength, the double-lap-shear test was the most conservative, while the purely tensile ''pull-off'' test was the least conservative. Maeda et al. (1997) observed a 150-mm-long initial transfer zone using two different CFRP sheets and the double-lap-shear test. Maeda et al. characterized the distribution of axial force (or strain) in the transfer zone of the FRP sheet as quadratic up to the onset of debonding and linear thereafter. Like Takahashi et al. (1997) , Meada et al. also observed the inverse relationship of transfer zone length and sheet stiffness. Recognizing the difficulty in modeling the bond strength of the concrete/FRP interface, several investigators have taken the fracture mechanics approach in assuming a Mode II (forward shear) type debonding mechanism for CFRP sheets in various types of specimen configurations, such as steel reinforced concrete in tension (Fukuzawa et al. 1997; Brosens and Van Gemert 1997) , and concrete beams in flexure . The notable advantage of the fracture mechanics approach is that stiffness and size effects are naturally included in the analysis.
In all of the experimental work described above, debonding, delamination, and peeling are the predominant descriptors for the observed failure modes involving the FRP/concrete interface in flexure and double-lap-shear tests. Garden and Hollaway (1998) observed that diagonal cracks associated with vertical shear displacement in the concrete within the shear span of flexure specimens had a role in the progressive debonding of external sheet reinforcement. Wu et al. (1997) and Wu and Yoshizawa (1998) reported the formation of successive diagonal cracks in the vicinity of a dominant flexural crack in monolithic concrete beams reinforced only by external FRP sheet and concrete tensile specimens reinforced with CFRP sheet and an internal steel bar. Wu et al. (1997) and Wu and Yoshizawa (1998) claimed that the occurrence of such diagonal cracks accelerated the rate of growth of a Mode II type crack at the FRP/concrete interface; however, they did not consider the diagonal cracking mechanism in their fracture mechanics model.
Although the research completed to date has adequately measured and predicted stresses and strains based on measurements taken with strain gauges placed on the CFRP sheet, it is difficult to fully characterize the load transfer mechanism from these results, as deformations and damage in each of the materials, including the concrete and epoxy interlayer, contribute to the load transfer. The objective of this investigation is to experimentally characterize the full field, local strain distribution, and load transfer mechanism in the vicinity of cracks in tensile-loaded, rectangular, concrete prisms reinforced with externally bonded CFRP sheets and relate these findings to the global deformation of the specimens. Local deformations in the CFRP sheet, epoxy interlayer, and concrete were recorded with an optical technique known as moiré interferometry. To simplify the interpretation of the results, the investigation was limited to the testing of tensile specimens without continuous steel reinforcement. This configuration avoided the need to compensate for global strain gradients that normally occur in beams subjected to bending. Omission of continuous steel reinforcement isolated a section of the specimen where the deformations were due only to the effects of the CFRP sheet, the epoxy interlayer, and the concrete. This paper describes in detail the specimen design, experimental method, the effect of controlled variations in CFRP sheet modulus, and adhesive interlayer thickness on deformations.
EXPERIMENTAL METHOD

Overview
Six concrete tensile specimens externally reinforced with wet-laid CFRP sheets (Fig. 1) were tested during this investigation. Three different thicknesses of adhesive interlayer (denoted by suffix -1 for the thinnest through -3 for the thickest) and two different types of carbon fibers (prefix CL for low modulus fibers and CH for high modulus fibers) were investigated. For example, specimen CL-3 refers to the low modulus CFRP sheet with the greatest thickness of interlayer. Cross-line diffraction gratings were viewed with interfering coherent beams of laser light to obtain moiré fringes that, in turn, enabled quantitative measurements of full field displacements in the vicinity of induced cracks. The interferometric moiré patterns were converted to strains in regions of special interest. [See Post et al. (1994) for a comprehensive review of moiré interferometry.] Long strain gauges applied on the surface of the CFRP sheets were used to determine larger scale (global) elongations across the field of view of the diffraction gratings. Each specimen was incrementally loaded, and the resulting displacements and elongations were recorded electronically.
Specimen Design
Dimensions of the specimens were chosen to isolate a symmetric, center section where moiré interferometry could be used to measure displacements without the influence of complicated strain gradients caused by end conditions These end conditions arise due to the threaded steel rod used to load the specimen and the CFRP end-wrap used to prevent peeling at the end of the main reinforcement sheet. Fig. 2 shows the manufacturing sequence described later. Notching the specimen in the locations shown in Fig. 2 induced so-called primary through-cracks, isolating the center section.
The spacing of the notches was chosen to maximize the distance between the primary cracks, while providing enough embedment length for the steel loading rods at the ends of the specimen. Pilot specimens were tested to determine the embedment length required to plastically deform the rod with the given cross-sectional dimensions of the specimen. With the embedment length of the rods determined in this manner, notches were cut 10 mm closer to the center of the specimen than the embedded ends of the rods to prevent irregular crack propagation in the area of interest. The same pilot tests showed a nominally 114-mm-long center section to be of adequate length to allow development of subsequent through-cracks within the center section.
Specimen Preparation
All of the rectangular concrete specimens were molded from the same concrete batch to initial dimensions of 52 ϫ 28 ϫ 228 mm. Threaded steel rods (6-mm outer diameter) and steel coil springs shown in Fig. 2 were cast into each end of the specimens. The concrete mixture consisted of 49.89 kg portland cement grout mix with 45.36 kg all purpose sand (average particle size ϳ0.5 mm) and 12.5 L tap water (water-to-cement ratio is 0.25). The specimens were cast in plywood molds oriented so that the concrete surfaces receiving FRP treatment were adjacent to the vertical mold walls. Prior to casting, the mold walls were coated with releasing oil to prevent adhesion with the cured concrete. The concrete was vibrated, covered with wet burlap, and allowed to cure for 3 days under moist conditions. On day 3, the specimens were demolded and cured for 4 additional days in moist conditions and 7 days in ambient laboratory air (21ЊC ϩ 2ЊC). Subsequent compressive testing of six, 76.2-mm-diameter test cylinders produced an average 28-day strength of 35.9 MPa and a coefficient of variation of 1.9%.
FIG. 2. Specimen Preparation Steps
Following the curing process, a high-speed diamond saw was used to cut four 5-mm-deep, 2-mm-wide notches into the 52-mm-dimension of the concrete prisms to induce primary through-cracks at controlled locations, as shown in Fig. 2 . The concrete surfaces receiving FRP treatment were ground and sanded to remove approximately 1 mm of concrete from each surface. It was determined from previous research that such surface preparation enhances bond strength by removing the layer of concrete that was in direct contact with the mold walls during casting. This layer of concrete has a lower strength due to a higher water content and the presence of small amounts of releasing oil in the mixture (Arduini and Nanni 1997) . The resulting concrete dust was washed from the surface of the specimen using ordinary tap water.
A single CFRP sheet was applied to two opposing faces of each concrete specimen 14 days after the casting date. The fibers were oriented parallel to the direction of the applied load. The standard CFRP reinforcement system consisted of the following constituents: 0.25 kg/m 2 per layer Tonen (Tokyo, Japan) fiber reinforced (FP) epoxy resin prime coat; 0.5 kg/m 2 Tonen FR epoxy resin undercoat; one low or high modulus carbon fiber sheet; and 0.25 kg/m 2 Tonen FR epoxy resin topcoat. Reinforcement system parameters are listed for each specimen in Tables 1 and 2 . Multiple layers of epoxy primer were used to create varying interlayer thicknesses. The primer coat was applied using a paintbrush in one, two, or three layers, allowing 30 min to elapse between the placement of each layer. The final primer coat was allowed to cure for 120 min before application of the undercoat and fiber sheet. The undercoat was brushed onto the still tacky primer coat, and the fiber sheet was immediately placed on the uncured epoxy. A spatula was to apply pressure to the exposed side of the fiber sheet to remove air bubbles trapped underneath as well as to ensure complete wetting of the fibers. After an additional 30 min, the topcoat was applied to ensure complete wetting of the carbon fibers. The specimens were then allowed to cure fully for 2 days at room temperature before proceeding with the preparation. The average and standard deviation of cured thicknesses of the primer coats were determined based on measurements at 20 arbitrarily chosen points along the surface of two specimens of each type, using a long distance microscope capable of resolving 2.5 m ( Table 2 ). The two-and threelayer specimens had respective interlayer thicknesses of approximately 2 and 4 times that of the one-layer specimen.
After the sheets had fully cured, tensile load was applied to the embedded steel rods to induce primary through-cracks at Adjusted to reflect the change in width caused by removing prenotched edges of specimen.
FIG. 3. Schematic Representation of Test Frame and Data Acquisition Setup
the notch locations. The load was manually applied through universal joints using a screw-driven test frame. The onset of cracking was detected using an accelerometer mounted to the surface of the CFRP sheet and a stethoscope. Audible ''popping'' and high-amplitude vibrations were observed as the cracking occurred. After the first two cracks were detected, a jeweler's loupe capable of 10ϫ magnification was used to verify that cracking had only occurred at the notch locations. The specimens were then unloaded and removed from the test frame. The load required to induce the first primary crack is listed for each specimen in Table 3 .
Following formation of the primary cracks, the specimens were cut longitudinally on both sides using a diamond saw to remove the notched edges, so that a clean surface containing a primary crack could be later coated with a moiré grating (Fig. 2) . The specimens were again washed with ordinary tap water to remove the resulting concrete dust. Epoxy-impregnated carbon fiber tows (12,000 fibers) of standard modulus (230 GPa) were wrapped transversely in two layers around each end of the specimen to prevent peeling of the CFRP sheets or concrete during subsequent tensile loading (Figs. 1  and 2 ). The end wrappings were allowed to cure for at least 48 h in normal laboratory air, as suggested by the resin manufacturer.
The concrete and epoxy surfaces were prepared and cleaned with 600-grit sandpaper and acetone, respectively, for placement of strain gauges and the diffraction grating. Using a thin layer (<25 m) of room-temperature-curing epoxy, a 1,200 line/mm, white-gold diffraction grating (<1 m thick) was applied to one surface of exposed concrete, slightly overlapping a primary crack and extending nearly halfway across the center section of the specimen. The grating covered the entire depth of concrete, two interlayers, and two CFRP sheets (Fig. 1) . Due to the low modulus and small thickness of the grating material, it is assumed that deformations are accurately transmitted from the substrate to the surface of the grating, where measurements are made optically (Post et al. 1994) . A short, resistance strain gauge (1.9-mm-long, 1.9-mm-wide, 120 ohm) was longitudinally mounted on the CFRP sheet at the edge immediately adjacent to the surface having the diffraction grating (Fig. 1) . This gauge was used later for calibrating strain data obtained by moiré interferometry. Long, resistance strain gauges (60-mm-long, 1-mm-wide, 120 ohm) were applied in three locations on opposing CFRP sheets to measure global, bending compensated displacements over a 60-mm gauge length roughly overlapping that of the diffraction grating, as shown in Fig. 1 . Fig. 3 is a schematic representation of the experimental setup. For the evaluation of local and global deformations, the instrumented specimens were placed in the test frame and loaded in approximately 445-N increments to a maximum load of 8.45 kN (limited by yielding of the threaded rods at 8.9 kN). A commercial four-beam interferometer (Photomechanics, Vestal, NY), a 512 ϫ 512-pixel digital camera, and a video recorder were used to record transverse and longitudinal moiré fringe images at various magnifications. Only longitudinal fringe data will be discussed in this paper. Carrier fringes of extension and rotation were added as needed to produce dense, symmetric fringe patterns relative to the midplane of the specimen. The addition of carrier fringes of extension allows more fringe data to be collected by adding an apparent, uniform strain to the image. This apparent strain must later be subtracted to yield actual strain values (Post et al. 1994) . Digital images were captured from the videotape using image acquisition software. The resulting fringe images are full field contour maps of displacement in the plane of the diffraction grating.
Testing Procedure
Average crack spacings in the concrete were found by counting the occurrences of through and diagonal cracks (defined later) on one exposed edge of a specimen, between the two primary cracks. The average spacing is the actual initial spacing between the primary cracks (nominally 114 mm) di- vided by N ϩ 1, where N = number of cracks. Average spacings were computed at the essentially saturated cracking condition that existed at the maximum tensile load of 8.45 kN.
Moiré Analysis Procedure
Methods of analysis of moiré fringes vary widely and can influence the calculated strains. Therefore, a detailed description of the method used is described next with reference to the sample longitudinal fringe image shown in Fig. 4 . Adjacent fringes were assigned consecutive numbers and divided by the reference grating frequency of 2,400 lines/mm to obtain contours of equal displacement in the load direction. Displacement values were plotted versus longitudinal position so that a polynomial could be fitted to the data. A reasonable continuous approximation of the displacement as a function of position was obtained with a 14th-order polynomial. A function for longitudinal strain over the same interval is obtained by differentiating the displacement polynomial with respect to the longitudinal coordinate (this is denoted ''initial'' strain in Fig.  4 ). Because carrier of extension was used to improve fringe resolution during the experiments, the entire initial strain curve in Fig. 4 had to be shifted vertically so that the strain function matched the measured strain at the calibration gauge. In this example, the necessary shift was ϩ110 ε. The shifted curve is denoted ''adjusted strain'' in Fig. 4 . The calibration strain gauge was intentionally placed in a location anticipated to have a relatively small strain gradient so that calibration errors were minimized.
To aid the comparison of different specimens, the original displacement data also had to be adjusted to account for carrier of extension. These modifications were made by integrating the adjusted strain curve and setting the displacement plots equal to zero at a standard reference location (e.g., at a through-crack). Relative displacements of the constituent materials on a single specimen do not need to be corrected for carrier of extension and were therefore determined from the original displacement data. Relative shear deformation across the epoxy interlayer appears as diagonally inclined fringes just below the path followed in generating the graphical strains in Fig. 4 . It can be seen that the relative shear deformation gradually decreases to near zero at approximately 25 mm from the primary crack tip. This distance is considered the transfer zone of the external reinforcement.
Bounding of Experimental Data
The long strain gauge and moiré data represent global and local deformations, respectively. Data from each method were compared to expected values of strain or displacement based on an elementary application of Hooke's law for a uniaxially loaded medium. At a crack in the concrete, where the only elements capable of carrying load are the CFRP sheets, the expected strain in each sheet, neglecting strain concentrations, is given as follows:
where P = total load applied to the specimen; A F = crosssectional area of fiber in a single CFRP sheet; and E F = modulus of elasticity of the carbon fiber (Table 1) . At large distances from the crack, where axial load has been transferred back into the concrete and, hence, the relative displacement between the perfectly bonded CFRP sheet and the concrete should be zero, the expected strain in the sheet is given as follows:
where A C = cross-sectional area of the concrete; and E C = modulus of elasticity of the concrete (Table 1) . To serve as theoretical bounds, these upper and lower limits shown on all plots of measured strain or displacement (strain ϫ length) included in this paper are referred to as ''FRP alone'' [(1)] and ''FRP/concrete'' [(2)], respectively.
RESULTS
Load Induced Damage
Many types of cracks occurred during the tensile loading of the specimens. Primary cracks were defined previously as through-cracks that were induced at the saw-cut notches by preloading the specimens prior to trimming the specimens and applying the diffraction gratings. Because the primary cracks may not have fully closed after removing the preload, strain and displacement measurements near primary cracks are not considered as reliable as those near cracks that formed after application of the grating. Secondary cracks are also defined as through-cracks, but these developed remote from the primary crack as the tensile load was increased (Fig. 5) . Tertiary cracks, defined as the next through-cracks to occur within the field of view with added load, occurred during the experiments and were recorded as well, but are not shown in the moiré results because the corresponding strain fields could not be calculated due to excessive fringe gradients. Through-cracks occurred in locations where shear deformation in the concrete was near zero and were therefore governed by longitudinal tensile stresses. Diagonal cracks (Fig. 5) occurred immediately adjacent to through-cracks at the CFRP/concrete interface due to combined longitudinal shear and tensile stresses, as suggested by the approximately 60Њ angle of these cracks with respect to the axis of the applied load .
At the 1.78 and 3.56 kN load levels shown in mm transfer zones reported presently fall within the 20-150 mm range cited in the literature survey for a wide range of sheet stiffnesses and test methods. In the 5.34 kN fringe image, the visually obvious increase in fringe density in crossing from the concrete to CFRP at a point approximately midway between the primary and secondary cracks indicates higher strain in the CFRP sheet and implies that a region of perfect bond remote from the through-cracks is not achieved with this load level and available transfer zone length of only about 10 mm. Minimum through-crack spacings for all specimens, listed in Table 4 , are therefore less than the corresponding transfer zones needed to eliminate shear deformation in the interlayer, but could still serve as rough (and easily quantifiable) indicators of transfer zone length. Based on these types of evidence, it is deduced that transfer zone lengths increased significantly as the interlayer thickness quadrupled. There was no (Table 4) .
Local Strain and Relative Displacement Data by Moiré Interferometry
Average longitudinal strains in the CFRP sheets, found by averaging separate measurements at four levels uniformly spaced through the thickness of a given sheet, are shown as functions of distance from the primary crack in Figs. 6 and 7. Across the entire field, the strains were bounded by the theoretical limits defined by (1) and (2). Furthermore, it is clear that the minimum strains predicted for perfect bonding remote from the cracks [(2)] were never obtained in any of the sheets after secondary cracking occurred in the field of view, due to insufficient transfer zone lengths. As expected by symmetry, the local minima of longitudinal strains were located approximately midway between adjacent primary and secondary cracks. The positions of local maxima of strain in the sheets, irrespective of diagonal cracking, are noted in Figs. 6 and 7 to be typically several millimeters away from the tips of through-cracks. These shifted strain peaks are possibly due to differing constraint conditions on the sheet at the throughcrack versus regions where the sheet is bonded to concrete and may not necessarily be representative of behavior remote from the free edge of the specimen.
Local strain distributions near a typical secondary crack before and after adjacent damage initiation and growth are shown in Fig. 8 . In this example, two diagonal cracks were initiated in the field of interest after 4.45 kN but before 5.34 kN. Near the through-crack, the region of the sheet having elevated strain (versus theoretical far field values) lengthened with additional load and diagonal cracking. The concave-up portion of the lower strain distribution is reasonably represented with a quadratic curve, in accordance with observations by Maeda 
modulus of elasticity at the interface (Lee et al., 1999) . The strain distribution in the CFRP sheet in the diagonally cracked region (between 3 and 6 mm from the secondary crack, in this example) could also be roughly approximated by a linear distribution. In this case, the bond force in a mechanical model would be a constant, implying a dry friction mechanism. It is also apparent from Fig. 8 that the peak region of the longitudinal strain in the CFRP sheet does not uniformly broaden to include the entire zone of multiple diagonal cracks near the through-crack. Rather, the maximum strain concentration remains situated close to its original location near the throughcrack. In each specimen examined in this investigation, multiple instances of through-cracking followed by nearby diagonal cracking with added load was the characteristic sequence of damage growth. The applied loads, limited by yielding of the loading rods, were not sufficiently high to observe additional modes of damage such as sheet fracture or catastrophic debonding.
The relative difference in displacement between the midplane of the CFRP sheet and the midplane of the concrete (called total relative displacement) was computed for each specimen. A comparison of the one-and three-layer specimens of each sheet type at a 4.45-kN load is shown in Fig. 9 . The primary crack is located at the left-hand end of the figure. The values of total relative displacement in each curve have been equated to zero at the center of the respective secondary cracks. Focusing on the secondary cracks for comparisons eliminates uncertainties about the effects of incomplete crack closure at the primary cracks, as mentioned in the procedure. The relative displacements reversed sign near the primary and secondary cracks and approximately midway between the primary and secondary cracks, as one would expect by symmetry. The peak value of total relative displacement occurred adjacent to either side of the through-cracks, and was clearly proportional to the thickness of the interlayers. The peak value of total relative displacement was only minutely greater in specimens with low modulus sheet than in those with high modulus sheet, indicating no certain effect of this modulus variation on near field deformation. Additional analysis of the moiré data revealed that approximately 20-30% of the total relative displacement immediately adjacent to the secondary crack occurred in the interlayer, regardless of interlayer thickness or sheet modulus; the remainder occurred in the concrete. These percentages are roughly what one would expect assuming a simple shear problem where the concrete has approximately 10 times the modulus and 100 times the thickness of the interlayer.
Global Displacements by Long Strain Gauges
Despite the large effect that varying the thickness of the epoxy interlayer appears to have on certain local strain and displacement distributions, the global displacements as measured with long strain gauges are independent of this variable (Figs. 10 and 11 ). It is hypothesized that the abrupt change in slope observed near the 3-kN load in each case is due to the opening of the primary cracks. It should be noted that this load level corresponds roughly to the load at which primary cracks were induced if the precracking loads are adjusted downward by a ratio of final-to-initial widths of the specimens, as in Table 3 . The modulus of the CFRP sheet had an insignificant effect on tension stiffening before the opening of the primary cracks, and a significant effect after primary crack opening and subsequent cracking. As expected, use of the high modulus sheet resulted in lower global displacements for a given load level after the onset of through-cracking.
Cross-referencing full-field moiré fringe images with load and global deformations from long strain gauge elongations enabled determination of the effect of cracking on global stiffness. The load versus elongation curve for the CL-1 specimen (Fig. 12) shows that a period of relatively dramatic stiffness loss near Point 2 followed the opening of the previously formed primary crack beginning at Point 1. Upon further loading to Point 3, the specimen lost little stiffness because the primary crack was arrested at the sheets. At Point 4, a secondary crack initiated in the gauge length, which repeated the increasing (Point 5) and decreasing (Point 6) rate of stiffness degradation as it grew through the thickness and stabilized in length. Based on observations of stabilized crack growth at the maximum load limit of the tests, it is unlikely that the paths of the load-elongation curves would ever meet the theoretical curve for FRP alone before the steel loading rods yielded (8.9 kN) or the sheets failed (30 kN for CL and 25 kN for CH). Such behavior is expected if the ultimate damage state in externally reinforced concrete tensile members can be represented by a characteristic crack spacing that depends on the material properties and geometry of the sheet, interlayer, and concrete, as well as the load. This ultimate damage configuration is analogous to that previously described for standalone, cross-plied FRP laminates (Reifsnider 1977; Parvizi et al. 1978) .
A load elongation curve during reloading of the CL-1 specimen is shown in Fig. 12 . It was observed after unloading that the displacement did not return to zero but, rather, to approximately 15% of the maximum imposed displacement for all six of the specimens. This behavior was attributed to incomplete closure of newly formed cracks. It was also observed that the specimens exhibited an almost linear load elongation relationship upon reloading to approximately the previous maximum load. Unlike the initial loading curve however, the reload curve exhibits a nearly constant global stiffness, indicating that subsequent cracking does not occur upon a single reloading to the same load level.
CONCLUSIONS
The moiré interferometric analysis used in the present investigation enabled the observation of detailed local deformations and strains on the surface of cracked rectangular concrete prisms externally reinforced with CFRP sheets. It was discovered that local deformations are affected by the thickness of the epoxy interlayer used to bond external CFRP re-inforcements to concrete. The use of a thick interlayer allows larger relative displacements to occur between the CFRP sheet and midplane of the concrete tensile specimen at the location of through-cracks. Thicker interlayers also resulted in larger spacings between adjacent through-cracks as well as adjacent diagonal cracks that formed at the junction of through-cracks and the CFRP sheet. Hence, thicker interlayers are believed to cause a more gradual transfer of load between the CFRP sheet and the concrete, minimizing the occurrence of cracking after the addition of the CFRP sheet to a precracked concrete tensile specimen.
The modulus of the CFRP sheet affects the magnitude of peak longitudinal strains measured in the sheet at throughcrack locations, but appears to have little effect on the strains measured far from the through-cracks due to the dominant influence of the uncracked concrete in the latter regions. The relative displacements between the CFRP sheet and the midplane of the concrete specimen at the through-cracks appear to be affected only slightly by the modulus of elasticity of the sheet. Crack spacings were also not significantly affected by sheet modulus.
Diagonal cracking was found to be a factor in load transfer near through-cracks. This result indirectly implies that the strength of the concrete is important in the bond behavior of external FRP reinforcement, as discussed in the literature survey. Following diagonal cracking near a through-crack, the zone of elevated longitudinal strain expanded nonuniformly as the distance required for load transfer increased. The longitudinal strain peaks in the CFRP sheet were noted to be typically several millimeters from the tips of through-cracks, irrespective of the presence of diagonal cracks.
The results of this investigation support observations in the literature that the extensional stiffness (modulus ϫ thickness) of the externally bonded sheet controls global tension stiffening in cracked concrete. In addition, the local strain data obtained presently suggest that the stiffness of the sheet is less important than the shear stiffness (modulus Ϭ thickness) of the interlayer in local load transfer. Hence, it is hypothesized that sheet extensional stiffness controls global behavior and interlayer shear stiffness controls local behavior. Achieving full load transfer in a shorter distance from a through-crack by increasing the interlayer stiffness does not help improve global stiffness because higher interlayer stiffness promotes more cracking in the concrete, which effectively cancels the benefit realized at the local level. In short, increasing the extensional stiffness of external sheet reinforcement is the most effective way to increase the stiffness of cracked concrete structures. Varying the shear stiffness of the interlayer as was done in this investigation has no major effect on global stiffness, although it has a quantifiable effect on subsequent cracking, which can be an issue for some field applications.
The data generated in this research will prove useful for refining theoretical models of load transfer and tension stiffening of concrete reinforced with externally bonded FRP sheet reinforcement. Appropriate mechanical models of interfacial behavior have been identified based on measured deformations and physical observations of damage. It is apparent that 2D and possibly 3D models will be necessary to capture the local variation of stresses near cracks in externally reinforced concrete.
